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Abst rac t  
The retention behaviour of polyimide ultrafiltration membranes was investigated using dilute solutions of polystyrene in ethyl 
acetate as test solutions. It is shown that flow-induced eformation of the polystyrene chains highly affects the membrane 
retention. This coil-stretch transition is not instantaneous, but gradual. The concept of a deformation resistance has been 
introduced to explain this behaviour. This concept can be applied to describe the flux behaviour of the membranes during the 
tests as well. Solute deformation allows comparison of the pore size distributions of the membranes qualitatively. Retention 
measurements were also performed with silver sol particles that were prepared in mixtures of ethanol and water; these sols 
remain stable as long as the ethanol concentration does not exceed 57 vol%. The sols were completely retained by the membranes, 
which is probably caused by the fact that the effective diameter of the particles i much larger than that observed by transmission 
electron microscopy. 
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1. Introduction 
Solute retention measurements are generally 
regarded as one of the most important echniques to 
characterize the pore size distributions of ultrafiltration 
membranes. The major advantage of such measure- 
ments is the fact that the characterization conditions 
can be very well compared to the actual ultrafiltration 
applications for which the membranes will be used. 
Complications which interfere with drying of the mem- 
branes do not occur. For polyimide membranes which 
are employed for non-aqueous applications, retention 
measurements with non-aqueous mixtures can be used 
as a characterization method as well. 
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There are still many problems involved with reten- 
tion measurements, such as concentration polarization, 
molecular weight distribution or adsorption. Another 
point is the possible occurrence of flow-induced efor- 
mation of flexible polymers that are used as retention 
model solutes. 
In this article, the retention and flux behaviour of 
dilute solutions of polystyrene in ethyl acetate using 
polyimide membranes will be described. Special atten- 
tion will be focused on the flow-induced eformation 
of the flexible polymer chains during these retention 
measurements. 
In addition, the retention behaviour of non-deform- 
able silver sols will be discussed. 
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2. Theoretical background and literature 
2.1. Retention measurements 
An important industrial application for ultrafiltration 
membranes is found in the dairy industry, where ultra- 
filtration is used to concentrate whey proteins. The 
major problem in the ultrafiltration process is the occur- 
rence of fouling of the membranes by the proteins [1- 
3]. 
For characterization purposes, a way to avoid the 
specific fouling problems caused by the use of proteins, 
is to use synthetic polymers as model solutes in dilute 
solutions. Almost all characterization retention studies 
have been performed using aqueous ystems. It is very 
likely that the retention and adsorption behaviour of 
polymers in organic solution differs from the behaviour 
in aqueous olutions. This will be discussed in more 
detail later. 
The most frequently used polymers for membrane 
characterization are water-soluble dextrans and polye- 
thyleneglycols (PEG), because they are commercially 
available in several molecular weight lengths and dis- 
tributions. However, Baker and Strathmann [4] 
pointed out as early as 1970, that often a discrepancy 
exists between the retention measurements of proteins 
and other polymers. They also found a retention decline 
for the polymer with increasing transmembrane pres- 
sure, and they ascribed this unexpected behaviour to 
shear-induced deformation of the flexible polymers in 
dilute solutions. 
The literature concerning retention measurements of 
solutions of flexible polymers can be divided in two 
classes: the first group describes the retention behaviour 
by assuming polymer deformation, the other group 
shows that the behaviour of polymers can be described 
by assuming that the solutes are non-permeable or non- 
draining rigid spheres, like proteins. 
In the latter case the sieving mechanism can be used, 
which has been described mathematically b  Ferry [ 5 ]. 
In the literature several modifications ofthese quations 
were given to describe the sieving mechanism in the 
absence of fouling [6,7]; the values for the retention 
resulting from these models how little variation. 
A breakthrough on the understanding of polymer 
deformation came in 1976, when De Gennes formu- 
lated his scaling laws for flexible polymers [ 8]. Daoudi 
and Brochard [9 ] used these scaling laws for a physical 
description of the transport of flexible polymers 
through cylindrical and conical pores. Nguyen and N6el 
[ 10,11 ] showed that the flow-induced eformation as 
described by scaling laws applies qualitatively to their 
experimental results on filtration of dilute solutions of 
fractionated PEG and dextran through various ultrafil- 
tration membranes. Long and Anderson found that 
flow-induced deformation is not only restricted to 
water-soluble polymers, and that deformation is not 
dependent on the solvent quality (which influences the 
molecular radius) [ 12,13]. 
Poyen et al. [ 14] showed that the non-draining rigid 
sphere model is only valid as long as the pore radius is 
larger than the solute radius, i.e., A = r~/r o < 1. Com- 
parison of the results of several retention studies con- 
firms this conclusion: during measurements performed 
at A < 0.5 no flow-induced eformation took place [ 15- 
17], while measurements at A > 1 were influenced by 
flow-induced eformation [10,11,13,18]. Long and 
Anderson [12] postulated that when A > 1, apparently 
flow-induced deformation takes place, but when 
0.5 < A < 1, then the behaviour of the polymer mole- 
cules is some sort of combination of deformation and 
rigid sphere sieving; the latter situation is very difficult 
to describe. In conclusion: if A>0.6, flow-induced 
deformation plays an important role during the ultrafil- 
tration of very dilute solutions of flexible polymers. 
Most retention studies used a rather broad solute 
molecular weight distribution, and this polydispersity 
can have a large effect on the mutual partial retention 
coefficients. For this reason the studies mentioned can- 
not simply be included in a comparison of the influence 
of A on the polymer behaviour during filtration. Also 
the effects of adsorption (solute-membrane interac- 
tions) on the retention, hydrodynamic flow through the 
pores and flow-induced eformation are still far from 
clear. 
Another very important parameter, which is often 
not recognized, is the choice of the solvent. Until now, 
most studies were done with water as solvent. Since 
water has very specific characteristics, the use of 
organic solvents will give completely different results. 
Water has an extreme hydrogen bonding ability and 
may easily form clusters. Polymers that are water-sol- 
uble also have very specific properties (e.g., negative 
heat of dilution, sometimes occurrence of a lower crit- 
ical solution temperature (LCST), strong tendency to 
aggregate and adsorb). As a consequence, the normal 
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Flory-Huggins theory is often not valid for these aque- 
ous polymer solutions. Extended reviews on water- 
soluble polymers can be found in the literature [19,20]. 
The major part of water-soluble polymers contain 
both hydrophobic and hydrophilic moieties. A solution 
in water may result in a structure similar to globular 
proteins: intramolecular hydrophobic interaction and 
stabilization of this structure by strong interactions 
between the shell of hydrophilic groups and a surround- 
ing layer of bound water [21]. These water-specific 
interactions may have a very pronounced influence on 
the magnitude of the elastic restoring ability, and 
diminish the possibility to deform; the solute molecules 
might be regarded as rigid spheres, even at very high 
shear ate. For this reason acomparison ofaqueous and 
non-aqueous retention studies will be very difficult. 
Summarizing: there are several demands that need 
to be fulfilled for reliable retention measurements with 
flexible macromolecules: 
• adsorption must be excluded; 
• concentration polarization must be minimized; 
• use of monodisperse solutes excludes mutual 
effects; 
• solute-solvent interactions should be understood; 
solvent-specific interactions have to be minimized 
Here, polystyrene (PS) in ethyl acetate was chosen 
as a model system. The expected solute to pore radius, 
A, was _> 1 for the majority of pores, as estimated from 
permporometry measurements for the tested mem- 
branes [22]; in practice, the value of h was always 
larger than 0.5. The A used here is based on the ratio of 
the hydrodynamic solute size to the pore size. The 
results can also be compared to other non-aqueous 
retention measurements, with PS as solute. In addition, 
the adsorption ability of PS on the polyimide mem- 
branes has been examined. 
Colloidal systems cannot deform during permeation. 
In the past metal sols in water have been used for 
membrane characterization [ 23,24 ]. 
In the literature there are only a few examples of 
non-aqueous sols, and an attempt was made here to use 
the silver sol system of Kim et al. [24], and replace 
some of the water by ethanol. In this way, the flux of 
the silver sol system can be related to the pure ethanol 
permeability and degradation of the polyimide is not 
very likely to occur. 
2.2. Flow-induced eformation 
A polymer chain in dilute solution can be regarded 
as a random coil, with a certain radius of gyration %. 
The hydrodynamic radius (rh) of a polymer is fre- 
quently approximated bythe Stokes-Einstein radius of 
the polymer. When a large mechanical force is exerted 
on the polymer chain, this coil model is not valid any- 
more: the chain can be described better by a string of 
statically and dynamically independent "blobs" 
[ 8,25 ], all with a characteristic blob size. 
Consider an isolated polymer andom coil (size %) 
in a very dilute solution at the entrance of a pore with 
size rp, with rg. When pressure is applied, solvent will 
flow through the pore. At low pressures the flow 
through the pore is small, and consequently the shear 
exerted by the frictional force on the polymer chain is 
low. The chain tends to return to its original, entropi- 
cally favourable coil configuration by Brownian move- 
ment, due to an elastic force counteracting the frictional 
force. 
When the transmembrane pressure increases, the 
flow through the pore increases and so does the fric- 
tional force. At a certain flow rate, the two forces are 
in equilibrium. When this critical shear (St) is 
exceeded, the polymer chain unrolls into a chain of 
blobs; this process is called flow-induced eformation. 
The characteristic size of the polymer is now the blob 
size, and because this value is smaller than the pore 
size, the deformed polymer can enter the pore easily. 
A schematic representation f flow-induced elbrma- 
tion is given in Fig. 1. 
Nguyen and N6el [ 11 ] related the critical shear to a 
critical flow rate through the pore, Op [m 3/s ]. Daoudi 
and Brochard [9] assumed that he critical shear has to 
be reached at a distance from the pore opening that is 
at least of the order of the size of the dissolved polymer, 
rg. Consequently, Jc is the critical flow rate through the 
membrane [m/s], which is then: 
kBTe kBTn ( 1 ) 
Jc -~ ~ - ~o 
Here, kB is the Boltzmann constant [J/K], T is the 
temperature [K], ~o is the solvent viscosity [Pa s], e 
is the surface porosity ncr~ [-] ,  rv is the pore radius 
[m], n is the number of pores per membrane surface 
area [/m2]. This means that he critical flow rate or the 
critical flux through the membrane is not dependent on 
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Qp,1 
low trans membrane pressure 
low flow rate through the pore, Qp,1 
S<Sc 
no deformation (rg > rp ) 
R=I  
p,2 >> Qp,1 
high trans membrane pressure 
high flow rate through the pore, Q p,2 
S>Sc 
flow-induced eformation (~p < rp ) 
R=0 
Fig. 1. Schematic drawing illustrating the flow-induced deformation. 
the size of the pore, which is of course very surprising. 
It is also independent ofthe size of the original polymer 
coil, and of the polymer concentration (as long as the 
polymer solution is very dilute). One remark has to be 
made here: the independence of Jc on the pore radius 
is mainly a consequence of the boundary condition 
defining the minimal distance from the pore opening, 
whereas this demand is only an assumption that is 
strongly dependent on the flow field. (For the low- 
porosity membranes used here, the pore entrances are 
situated relatively far from each other. Therefore, it is 
assumed that each pore has its own typical flow field 
and its own value of J~.) 
On the other hand, Jc is dependent on the number of 
pores, n. The independence of Jc on the pore size has 
been confirmed by several experimental studies 
[ 13,15,26]; also the independency of J~ on the molec- 
ular weight, the radius of gyration or the hydrodynamic 
Stokes-Einstein radius of the solute has been proven 
experimentally [ 11-13,26-28]. The choice of solvent 
quality is not important as well, as may be deduced 
from the fact that the radius of gyration has no effect 
on Jc. 
In the present study, more attention will be directed 
to the dependence of the critical flow rate through the 
membrane on the number of pores, because it is sug- 
gested that the comparison of the retention curves for 
different membranes can give more qualitative infor- 
mation about he number of pores. In this way, defor- 
mation studies may form an additional membrane 
characterization technique. 
The flow-induced eformation theory as described 
above, is only valid for dilute solutions; this means that 
the polymer concentration c has to be far below the 
overlap concentration, c* [29]. Below c*, the polymer 
coils have no interaction with each other. In the vicinity 
of c* they start o "overlap' ',and far above c* polymer 
chains form an entangled network. A detailed iscus- 
sion on retention behaviour and flow-induced efor- 
mation at higher concentrations is beyond the scope of 
this article; the measurements will be restricted to dilute 
solutions. 
Many characteristic phenomena that occur during 
retention measurements can be understood from scal- 
ing concepts combined with the coil-stretch transition 
(flow-induced eformation). However, there are a 
number of drawbacks. The first and most important one 
is the qualitative character of the scaling theory; 
because scaling laws do not include numerical coeffi- 
cients, exact values for the critical flow rate can not be 
predicted. Adamski and Anderson [27 ] correctly men- 
tioned that the convergent pore flow field, used by 
Daoudi and Brochard, probably is not right; this may 
introduce at least some dependence of J~ on rg. A very 
difficult point is the coil-stretch transition itself. De 
Gennes [30] reasoned that this transition should be 
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very sharp; the expectation was that the retention of a 
porous membrane for flexible polymers would drop 
immediately tozero at the critical flow rate. However, 
experiments with track-etched mica membranes con- 
taining uniform pore sizes, showed a gradual decrease 
in retention [ 12,27 ]. Larson and Magda [ 31 ] reasoned 
that the transition is at least somewhat more gradual 
than predicted by De Gennes. 
The coil-stretch transition by flow shear stress has 
recently been proven experimentally by various 
research groups [ 32-35]. 
In spite of these disadvantages, the deformation the- 
ory may be very helpful to explain qualitatively the 
typical ultrafiltration behaviour of dilute solutions of 
flexible polymers, in the absence of concentration 
polarization. 
3. Experimental 
3.1. Materials 
Polyimide P84 (Lenzing AG, Austria) was kindly 
supplied by X-Flow BV. DMF, ethyl acetate and eth- 
anol were purchased from Merck (analytical grade) 
and were used as received. Monodisperse polystyrene 
fractions were purchased via Waters from Tosoh Corp., 
with Mw=96400 g/mol and Mw/M,=I.O1 (TS- 
144), and Mw=355000 g/mol and Mw/M.=I.02 
(TS-85). 
3.2. Membrane preparation 
PI-powder was dried at least 24 h at 150°C in vac- 
uum. Casting solutions in DMF were prepared imme- 
diately after the drying procedure, and the air inside the 
erlenmeyer was replaced by nitrogen. After 24 h of 
stirring (without heating) the solutions were filtered 
with a Bekipor ~ 25 ~m stainless steel filter from 
Bekaert Corp. The solutions were degassed overnight. 
A film of 0.20 mm thickness was cast on a dry and 
clean glass plate and immediately immersed in the 
coagulation bath, containing ethanol or demineralized 
water. The residence time in the bath was at least 10 
min, but the membranes precipitated immediately. The 
prepared membranes were flushed for 24 h with water 
to remove DMF; the water was replaced by ethanol, in 
which the membranes were stored. 
Before the membranes were applied for filtration of 
ethyl acetate or polymer solutions in ethyl acetate, they 
were pre-conditioned in this liquid for at least wo days. 
3.3. Polymer feed solutions 
Polystyrene samples were dissolved in ethyl acetate 
at various feed solution concentrations, co,to a maxi- 
mum of 1 g/1 (for the high Mw a feed concentration f 
0.7 g/l was used). 
To determine hydrodynamic radii for PS 96 400 and 
PS 355 000, the bulk diffusion coefficients in dilute 
solution have to be known. Some results, obtained by 
quasi elastic light scattering, are presented in the liter- 
ature for PS in dilute solutions in ethyl acetate at 20°C 
[36,37]. Analogously to Kathawalla and Anderson 
[38 ], these data were fitted by a power law dependent 
on the molecular weight with an additional temperature 
and viscosity correction: Do ~ 3.296 × 
10 -8 XMw°'533.. Hydrodynamic radii, rh, can then be 
calculated using the Stokes-Einstein relation. The 
radius of gyration, rg, can be estimated using a relation 
between rg and rh for PS in good solvents [38]: 
%= 1.48+0.03 (2) 
rh 
Guillot et al. [36] showed that ethyl acetate is a good 
solvent for PS. 
The literature concerning the value of the overlap 
concentration is quite indistinct, several relations were 
applied to calculate c*. Because the purpose of the 
present work is to investigate ultrafiltration behaviour 
at concentrations far below c*, two examples of cal- 
culations are given here. Eq. (3) shows the overlap 
concentration according to Doi and Edwards [39], 
while Eq. (4) gives the overlap concentration accord- 
ing to Des Cloizeaux and Jannink [40] : 
c* =--~Trr~N g (3) 
3 
Mw 
c* = (4) 
(~/2rg) 3N h 
where NA is Avogadro's number. 
The characteristics of the polystyrenes used in this 
study are summarized in Table 1. The radius of gyra- 
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Table 1 
Characteristics of the monodisperse polystyrene samples used 
PSmol. weight(g/mol) ql(nm) %(nm) c*"[g/ll c *'[g/l] 
96 400 7.07 10.5 33 49 
355 000 14.1 20.9 15 23 
"From Eq. (3). 
h From Eq. (4). 
tion has been estimated from Eq. (2). From Table 1 it 
can be concluded that he feed concentrations u ed were 
far below any value of c*, even far below the value of 
1 / 8 c*, which was advised by Bishopet al. [ 41 ]. Ter- 
aoka et al. [42] recently showed by measurements of 
diffusion of PS in porous glasses, that the concentration 
regime inside the pore is definitely dilute, if the ratio 
ofc, , /c* < 0.2 and c* has been defined according to Eq. 
(4). The feed concentrations are also far below this 
latter value. 
Permporometry measurements [ 22 ] showed that for 
the membranes used the major part of the pore radii is 
smaller than 7 nm, so here h=rs/rp>_ 1. In addition, 
for all pores h > 0.5. It should be realized that these 
pore size distributions were determined for membranes 
in a dry state, which may result in a change in mor- 
phology. 
Concentrations of PS-solutions were determined 
with a Philips PU 8720 UV/Vis scanning spectropho- 
tometer at a wavelength of 260 nm. 
3.4. Silver sols 
a grey precipitate. The prepared sols were used for 
retention measurements immediately after preparation. 
Concentrations of the sols were determined using a 
Philips PU 8720 UV/Vis scanning spectrophotometer 
at h = 393 nm. 
Size distributions of the sols were determined using 
a Jeol 200 CX high resolution transmission electron 
microscope. For this purpose, drops of the sols were 
placed on a sample holder, after which the solvent was 
evaporated. 
3.5. Retention measurements 
The pure solvent permeability of the membrane for 
ethyl acetate or ethanol was determined in a dead-end 
filtration set-up (3 h filtration at 1 bar), prior to the 
actual retention measurement. Directly after this pro- 
cedure, the supply tank was emptied and the pure sol- 
vent in the 400 ml cell was replaced by the solution and 
stirred immediately at 1200 rpm. After adjusting the 
pressure the permeate samples were collected and 
analysed. 
The retention was calculated as R = ( (co - Cp) / co) ; 
the increase in the feed concentration, co, caused by 
retention, was always much lower than 10%. For new 
retention measurements, clean and fresh membranes 
were used. 
4. Results and discussion of retention 
measurements obtained with polystyrene solutions 
Silver sols were prepared according to the method 
described by Creighton et al. [43]: 100 ml of 10 -3 M 
aqueous AgNO3-solution was added to 300 ml of a 
2 × 10- 3 M aqueous NaBH4 solution at 0°C under vig- 
orous stirring. This mixture was slowly diluted with 
water to a concentration of 0 .1×10 -3 M or 
0.11 × 10 -3 g Ag/l, according to Kim etal. [24]. The 
resulting sol was light yellow and stable for several 
months, without any precipitate. The stock solution was 
very slowly diluted with the desired ratio of ethanol to 
water. Three different final concentrations were used: 
0/100 v/v, 30/70 v/v, and 57/43 v/v ethanol/water, 
respectively; these sols remained stable for at least hree 
weeks without any visual changes. An increase of the 
ethanol concentration above 57% resulted in an imme- 
diate colour change to darkbrown or grey, with finally 
4.1. Influence of  polystyrene molecular weight 
For the measurements only one type of membrane 
was used. The membranes were prepared from a 20 
wt% casting solution of polyimide in DMF and coag- 
ulated in ethanol. Retention values of these membranes 
for a solution of PS with a Mw of 96 400 g/mol and a 
solution of PS with a Mw of 355 000 g/mol were deter- 
mined. The concentrations of the PS-solutions were 1 
g/1 for PS 96 400 and 0.7 g/1 for PS 355 000. The 
retentions were measured at two different ransmem- 
brane pressures and were stable for at least 30 min. The 
results are listed in Table 2. 
The results from Table 2 can be explained by the 
flow-induced eformation theory. An increase in per- 
meate flow causes a decrease in retention, which 
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Table 2 
Retentions of a membrane prepared from a casting solution of 20 
wt.% PI in DMF and coagulated in ethanol, for PS-solutions oftwo 
different monodisperse PS molecular weights 
Pressure (bar) PS 96 400 (g/mol) R PS 355 000 (g/mol) R 
(%) (%) 
o. l 90 92 
1.0 0 0 
implies that the polystyrene chains can change their 
conformation to pass through small pores at higher 
permeate flow velocities. 
It is obvious that the retention behaviour of these 
membranes i  similar for the two PS molecular weights. 
This means that the critical flow rate through the 
membrane is independent of the size of the polymer 
coil (Mw), which conforms with Eq. (1). This result 
also agrees very well with the retention results that were 
described in literature (see theory). 
The solvent flux [g/min]  for the 96 400-solution 
was almost equal to the pure ethyl acetate flux, which 
means that concentration polarization is negligible. 
Therefore, pore plugging can not be the cause of such 
a drastic decrease in retention. On the other hand, the 
flux for the 355 000-solution was lower than the pure 
solvent flux. This will be discussed further in the next 
section. 
For this membrane, the pore size distribution (deter- 
mined by permporometry) showed that there are some 
pores present that have a radius of 14 nm, which 
explains that the retention is not complete for neither 
of these two PS solutes. Hindered diffusion experi- 
ments with dilute polystyrene solutions in ethyl acetate 
have been performed for the same membrane as well 
[44]. For both PS 96 400 and PS 355 000 the diffusive 
permeability was slightly larger than zero, which means 
that also according to this characterization technique 
there are some pores present with a radius of about 14 
nm. 
4.2. Comparison of  retention curves for  different 
membranes 
Standard retention curves were measured for six dif- 
ferent ypes of membrane. Three different casting solu- 
tion polyimide concentrations ( 18, 20 and 25 wt.% PI 
in DMF) and two different coagulation baths, ethanol 
or water, were used. The permeabilities of these mem- 
branes for pure ethyl acetate vary roughly from 130 
kg/m2h bar for the "t ight" membranes (25 wt.% PI), 
to about 1000 kg/m2h bar for the more "open"  mem- 
branes (18 wt.% P1). 
Retention curves for these membranes were deter- 
mined using feed solutions of 1 g/1 PS 96 400 in ethyl 
acetate; the results for the different membranes are 
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Fig. 2. Flux and retention behaviour of membranes prepared from 25 wt% PI in DMF and coagulated in ethanol (a) or water (b), for 1 g/l PS 
(96 400) solution in ethyl acetate. Pure ethyl acetate fluxes are represented by dashed lines. 
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Fig. 3. Flux and retention behaviour ofmembranes prepared from 20 wt% PI in DMF and coagulated in ethanol (a) or water (b), for 1 g/l PS 
(96 400) solution i  ethyl acetate. Pure ethyl acetate fluxes are represented by dashed lines. 
given in Fig. 2 (25 wt.% PI), Fig. 3 (20 wt.% PI) and 
Fig. 4 ( 18 wt.% PI). 
The measurements were very reproducible and dif- 
ferent membranes from the same batch resulted in only 
minor differences in retention behaviour. A stepwise 
decrease inpressure gave the same results as a stepwise 
increase. When the same membrane was used twice for 
similar measurements, changes in the retention curves 
were negligible. 
The form of the retention curves agrees well with 
literature data and can be explained by flow-induced 
deformation. For the situations that are given in 
Fig. 2a, Fig. 2b, and Fig. 3b, at very low pressures 
(P = 0.1 bar) almost no deformation takes place and 
the retention is high and almost constant. When the 
pressure increases, the critical permeate flow is 
reached, flow-induced eformation takes place and the 
retention drops to zero; this happens at different pres- 
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Fig. 4. Flux and retention behaviour ofmembranes prepared from 18 wt,% PI in DMF and coagulated in ethanol (a) or water (b), for I g/l PS 
(96400) solution i  ethyl acetate. Pure thyl acetate fluxes are represented by dashed lines. 
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g/I PS/ethyl acetate. The flux results of Fig. 3 are normalized tothe transmembrane pressure difference, units: kg/m 2 h bar. 
sures for the different types of membranes. For the 
situations presented in Fig. 3a, Fig. 4a, and Fig. 4b, 
deformation already occurs at 0.1 bar pressure. It is 
obvious for all the measurements hat the retention 
decreases with increasing pressure, which is typical for 
flow-induced eformation. 
The flux of the solution is also given in the figures. 
Note that the flux is given in kg/m2h units, and is not 
normalized to the pressure. When the retention is high, 
i.e., before deformation starts, the flux is equal to the 
pure ethyl acetate permeability as shown in the figures 
by a dashed straight line. Despite the high retention, 
concentration polarization is negligible. As soon as 
deformation starts the flux deviates from linear behav- 
iour, but still increases with pressure. When zero reten- 
tion is reached the flux increases linearly with the 
pressure again, at a somewhat lower level than the pure 
solvent flux. This can be made more clear in Fig. 5, 
where the results of Fig. 3 are replotted, using a pres- 
sure normalized flux (i.e., the solution permeability). 
It is clear that the strong decline in retention by no 
means can be explained by concentration polarization, 
because in all cases described in the literature where 
concentration polarization occurs, the permeability 
finally is decreasing with pressure. 
As already mentioned before, it is quite plausible 
that the coil-stretch transition occurring during flow- 
induced deformation, is not as sharp as De Gennes 
predicted [30] but is more gradual, as stated theoreti- 
cally [ 31 ] and experimentally [ 11,12,27 ]. The fric- 
tional energy, necessary to deform a polymer molecule, 
is supplied by the kinetic energy of the convective 
permeate flow. A gradual coil-stretch transition in this 
respect corresponds with a gradual decrease in kinetic 
energy of the permeate flow. This decrease results in 
an additional resistance to permeate flow, a sort of 
"deformational resistance", that becomes constant 
when all the polymer molecules are deformed at a reten- 
tion of zero (see Fig. 5). At this point, the flux is again 
linearly dependent on the pressure, at a somewhat lower 
level than the pure ethyl acetate permeability line (as 
in Fig. 5). However, part of the loss in kinetic energy 
of the permeate flow can also be ascribed to the friction 
of the solvent molecules around the deformed chain 
with the pore wall (especially for very small pores, 
with a pore size that is of the order of the blob size). 
Nevertheless, it is suggested here that this wall drag 
resistance that is mainly present in very small pores is 
only a fraction of the decrease in kinetic energy, that is 
indicated by the decrease in permeability. 
Summarizing, a new resistance model for ultrafiltra- 
tion of a very dilute solution of flexible polymers 
(retention measurements for membrane characteriza- 
tion) is suggested (see Fig. 6). 
With respect o the deformational resistance, one 
may conclude from Fig. 2, Fig. 3 and Fig. 4 that in 
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Fig. 6. Schematic drawing depicting the hydrodynamic resistances occurring during ultrafiltration of very dilute solutions of flexible polymers. 
most cases the resistance ishigher for membranes coag- 
ulated in water, than for membranes coagulated in eth- 
anol. A possible explanation could be that the pores in 
water-coagulated membranes are longer (thicker 
toplayer) or more tortuous, so that the deformation that 
has to be maintained for a longer time requires more 
energy than in the case of ethanol-coagulated mem- 
branes. This hypothesis very difficult to prove exper- 
imentally. There is no other characterization method 
available to determine the tortuosity of the pores in the 
toplayer, while for the determination of the skin thick- 
ness until now only an aqueous gold-sol filtration 
method was used [ 23 ]. 
It is also possible that the flow-induced eformation 
of a polymer with a higher molecular weight causes a 
higher deformational resistance than a polymer with a 
lower molecular weight (see results in former section). 
If this is true, then there is no influence on the form of 
the retention curve, but the flux at zero retention will 
be lower for the higher molecular weight polymer. 
The critical permeate flow for the six membranes i  
reached at very different pressures, but of course, the 
pure ethyl acetate permeability of the membranes also 
shows a large variation. The retention curves of the six 
types of membranes from Fig. 2, Fig. 3 and Fig. 4 are 
plotted in Fig. 7 versus the flux through the membrane. 
The retention curves of the membranes coagulated in 
ethanol are situated more to the left hand side compared 
to the membranes coagulated in water. Because the 
critical flow rate through one pore, Qp.c, is equal for 
both cases (independent of pore size), this difference 
in critical flow rate through the membrane, Jc, can only 
result from a difference in the number of pores, n, as 
predicted by Eq. ( 1 ). 
This means that a membrane coagulated in water has 
more pores than a similar membrane coagulated in eth- 
anol (nwater>nethanol). Also a trend for the polymer 
concentration can be observed: membranes from 18 
wt.%-solutions have more pores than membranes from 
20 or 25 wt.%-solutions: for these higher concentra- 
tions parts of the curves overlap, so n2o ~ n25. Combin- 
ing this latter result with the fact that the pure solvent 
permeability for 20 wt.% PI-membranes is about a fac- 
tor five higher than for 25 wt.% PI-membranes, one 
may conclude that 20 wt.% PI-membranes contain 
larger pores than 25 wt.% PI-membranes. This result 
for wet membranes agrees with the results of permpo- 
rometry for comparable membranes in the dry state 
[22]. (It is also possible that the length of the pores 
for 25 wt.% PI-membranes i larger than for the 20 
wt.% PI-membranes, but there are no experimental data 
available for the toplayer thickness.) 
To our knowledge, this is the first time that flow- 
induced polymer deformation studies are used for 
membrane characterization purposes. Of course, this 
type of characterization is only qualitative, but it may 
be possible to compare pore size distributions of dif- 
ferent membranes made of the same material; this last 
demand is necessary to completely exclude the influ- 
ence of interactions between solute polymer and 
membrane material as a complicating factor. 
This method may be useful in relation to membrane 
formation. 
4.3. Influence of feed concentration 
Retention curves were determined at a lower feed 
concentration for two types of membranes. For 25 wt.% 
M.A.M. Beerlage t al. / Journal of Membrane Science 113 (1996) 259-273 269 
| 
o 
I,.o 
0.8 
0.6 
0.4 
0.2 
'~0 
[] 25% PI, ethanol 
. . . .  E- - -  25% PI, water 
0 20% PI, ethanol 
- - -@---  20% PI, water 
,~ 18% PI. ethanol 
e 
A 
' ] k . . .  
, • - . .  
" - . .  
0 40 80 120 160 200 
flux [kg/m2hr] 
Fig. 7. Retention for 1 g/l solutions of PS (96 400) in ethyl acetate as a function of the flux through the membrane; comparison fsix different 
types of membranes. 
PI-membranes coagulated in ethanol a feed concentra- 
tion of 0.34 g/ l  was used, while for 25 wt.% PI-mem- 
branes coagulated in water a feed concentration of0.58 
g/1 was tested. The results are given in Fig. 8. 
The results in Fig. 2a and Fig. 8a look very similar, 
even if one takes into account hat two different mem- 
branes (from the same batch) have been measured. For 
Fig. 2b and Fig. 8b, the retention curves are almost 
similar, but the flux curves seem to deviate a little from 
each other. 
This means that the feed concentration has no influ- 
ence on the retention curve, which agrees well with the 
flow-induced eformation theory. This is an experi- 
mental proof for Eq. (1),  from which it has already 
been concluded theoretically that the critical flow rate 
is independent of the (dilute) polymer concentration. 
On the other hand, the feed concentration seems to 
have an influence on the flux behaviour for some of the 
membranes. As already mentioned, the deformation 
theory and almost all published experimental results 
involve the retention behaviour; however, the depend- 
ence of the flux was never described satisfactorily. The 
flux behaviour described here can also be explained by 
the higher resistance to deformation in the case of 
water-coagulated membranes. An increase in feed con- 
centration simply means that there are more polymer 
molecules that have to be deformed and that the friction 
with the pore wall increases, thus the energy loss is 
larger. The increased energy loss causes an increase in 
resistance to permeate flow, so a larger deviation from 
the pure ethyl acetate flux has been observed, while the 
same retention curve was maintained. 
4.4. Adsorpt ion tests 
The pure ethyl acetate permeability of the membrane 
after the retention measurement was a little lower than 
before, about 5%. 
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silver sols diluted with water or water/ethanol. 
ditioning time in ethyl acetate of two days, as is used 
for all measurements, is not long enough. Ethyl acetate 
is the only solvent that showed this behaviour; pre- 
conditioning times of two days in hexane, toluene or 
acetone always gave constant permeabilities. For the 
ethyl acetate measurements the same pre-conditioning 
times were always used, i.e., it may be assumed that 
small differences are negligible or, at least, comparable 
for all membranes. An important conclusion is that 
polystyrene does not adsorb on polyimide membranes, 
as was expected. 
5. Retention measurements obtained with silver 
sols 
To investigate whether this decrease is caused by 
fouling, membranes were put in a PS 96 400 solution 
in ethyl acetate for 24 h, while similar membranes were 
put in pure ethyl acetate. The ethyl acetate permeability 
after this treatment showed about 5% decrease for both 
tests. This means that the small decrease inpermeability 
after retention measurements is not caused by pore 
plugging nor by adsorption at the membrane and pore 
surface, but just by immersion in ethyl acetate. Only 
after seven days in ethyl acetate, was a constant ethyl 
acetate permeability observed. Probably the pre-con- 
5.1. Stability and particle diameters of silver sols 
Several attempts were made to obtain silver sols in 
mixtures of ethanol and water. Experimentally, it has 
been found necessary to make a standard stock solution 
based on water only. The presence of only a few percent 
of ethanol resulted almost immediately in a grey mix- 
ture with visible particles. Dilution mixtures containing 
ethanol have to be added very slowly and dropwise, 
during vigorously stirring. All stable light-yellow solu- 
tions showed an absorption peak at A = 393 nm, which 
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agrees with the results of Kim et al. [24]. As soon as 
the colour of the solution changed, this peak disap- 
peared. This seems to be a very good indication of the 
stability of the sol. 
The maximum ethanol content of the final mixture 
was found to be 57%; this mixture still had a yellow 
colour, which was a little bit darker than with 30% 
ethanol or 100% water, and the sol was stable for at 
least two weeks. The mixture with 30% ethanol had 
exactly the same appearance as the 100% water sol. 
Comparison of numerous TEM-photographs showed, 
that the sols containing 0% ethanol or 30% ethanol look 
very much the same: they have a similar size distribu- 
tion and they are well separated. For the sol containing 
the largest amount of ethanol, the particles tart o form 
aggregates; this sol obviously is close to the stability 
treshold. Particle diameter distributions for the first two 
sols are shown in Fig. 9. The curves for both sols show 
a maximum at a particle diameter of 12 nm; both dis- 
tributions are slightly broader than the distribution 
determined by Kim et al. 
5.2. Retention measurements with silver sols 
The freshly prepared sols were used for retention 
measurements. All the results howed almost complete 
retention, even when more open membranes were used, 
like the 18 wt.%-polyimide membranes. The flux of 
the diluted sol was about the same as the pure ethanol 
permeability for the sols of 30/70 and 0/100 ethanol 
to water atio; after the retention measurements the pure 
ethanol permeability was equal to the permeability 
before the retention measurements. This corresponds 
quite well to the results of Kim et al. [24], who found 
complete retention and the formation of an "open" 
cake layer on top of the membrane surface for PM 30 
ultrafiltration membranes. This cake layer is formed by 
flocculation of the colloids, which means that the size 
of the particles becomes much larger than the original 
colloid size. 
When the 57/43 ethanol to water ratio sol was used, 
the flux of the sol and the ethanol permeability after the 
retention measurement were lower than the pure etha- 
nol permeability before the retention measurement. I  
is very likely that these sol particles become unstable 
during the retention measurement, so that they fall apart 
into smaller components. The smaller molecules may 
enter the pores and thereby cause pore plugging and an 
irreversible flux decline. 
6. Comparison of retention measurements of 
polystyrene and silver sol solutions 
Silver sols are undeformable particles. In addition, 
polystyrene chains remain randomly coiled at very low 
permeate flows, e.g., at transmembrane pressures 
slightly larger than zero. The radius of gyration for PS 
96 400 in ethyl acetate is about 7.1 nm, while the par- 
ticle radius for the silver sols (determined by TEM) 
varies from 4 to 10 nm with a maximum at 6 nm. 
Despite the smaller size of the majority of the silver 
sols, the retention of all membranes tested was almost 
1. It is very likely that the specific properties of silver 
sols are the cause of the complete rejection. The stabil- 
ity of these sols is assured by the presence of a large 
quantity of water, which is already an indication of the 
importance of charges. It is possible that the double 
layer thickness, as given by the Debye length K-~, 
around the sol particles increases the effective size of 
the silver sols. Kim et al. [24] determined for these 
silver sols a Debye length of 5-8 nm, which means that 
the effective particle radius during retention measure- 
ments can be twice as large as predicted by TEM. In 
addition, flocculation increases the particle size 
drastically. 
Pore size distributions determined by permporome- 
try showed that especially for the more open mem- 
branes (i.e., 18 wt.% PI) a reasonable number of pores 
with radii between 6 and 10 nm and even some larger 
pores were present in the dry membrane. The fact that 
also for 18 wt% PI-membranes the retention is almost 
1, means that the effective sol particle radius should be 
larger than these dry state pore radii. It might be pos- 
sible that in a wet state the pore size distribution is 
shifted to higher pore radii; then the silver sols are even 
larger than these wet state pore radii. Unfortunately, no 
information could be obtained about his wet state pore 
size distribution. 
Anyway, the conclusion can be drawn that the major 
part of the pores, for all the tested polyimide ultrafiltra- 
tion membranes, will have radii smaller than 7 nm; 
based on the high retentions for PS 96 400 at very low 
pressures; this conclusion agrees well with the dry-state 
pore size distributions obtained by permporometry. 
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7. Conclusions 
The retention behaviour of very dilute solutions of 
polystyrene in ethyl acetate through phase-inversion 
polyimide membranes could be described by the occur- 
rence of flow-induced eformation. The concept of a 
deformational resistance was introduced to explain the 
step-like flux decline, in the absence of concentration 
polarization. 
Flow-induced eformation studies for non-aqueous 
systems were carried out to compare qualitatively the 
pore size distributions of six types of PI-membranes. It 
was found that the number of pores per unit area, n, for 
membranes coagulated in water is larger than that for 
similar membranes coagulated in ethanol. In addition, 
the deformational resistance is larger in the case of 
membranes coagulated in water, compared to mem- 
branes coagulated in ethanol, which may indicate dif- 
ferences in pore length or tortuosity. 
The number of pores in 20 wt.% PI-membranes was 
about equal to the number of pores in 25 wt.% PI- 
membranes, sothe large pure solvent permeability dif- 
ference between these types has to be explained by the 
presence of relatively larger pores in the 20 wt.% PI- 
membrane. 
Flexible polymer deformation studies were shown 
to be useful to relate qualitatively membrane formation 
parameters topore size distributions of the final mem- 
branes. Deformation characterization is a wet-state 
technique, which is an advantage over the dry-state 
permporometry. 
It is obvious from the results that it is not possible to 
use this kind of retention measurements, i.e., dilute non- 
aqueous olutions of flexible polymers, as quantitative 
characterization technique to calculate membrane pore 
size distributions. Furthermore, it is suggested here to 
be very careful in interpreting aqueous retention meas- 
urements, since water as a solvent may have a large 
influence on the results, which is often not recognized. 
Silver sols were prepared in different mixtures of 
ethanol and water, to obtain small non-deformable sol- 
utes. It was found that when the final ethanol concen- 
tration exceeds 57%, the sol particles start to form 
aggregates. A large quantity of water is necessary to 
ensure the stabilization of the sol particles. The pres- 
ence of a double layer around the sol particles does 
increase the effective hydrodynamic diameter, i.e., the 
effective diameter is larger than the mean particle diam- 
eter of 12 nm, as determined by transmission electron 
microscopy. The retention for stable silver sols in eth- 
anol/ water mixtures or water was almost complete for 
all membranes. Comparison of this result with the 
retentions for PS at very low pressures, i.e., molecule 
deformation may be neglected and the radius of gyra- 
tion is 7 nm, also supports the presence of a much larger 
effective diameter of the silver sols. 
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